Vegetative hyphae of Aspergillus niger rapidly converted caproic acid to 2-pentanone whereas germinating spores carried out the transformation slowly and ungerminated spores not at all. Glucose stimulated ketone production by germinating spores, but suppressed it in hyphae; the degree of stimulation and suppression varied with glucose concentration. This explains earlier reports that spores but not vegetative hyphae convert fatty acids to methyl ketones, since hyphae were earlier tested with high sugar concentrations, conditions where ketone formation was inhibited. Glucose disappeared from cultures containing caproate even though ketone production was inhibited, and glucose disappearance was paralleled by gluconic acid accumulation in the medium. These findings suggest that free fatty acids may play an important role in the regulation of metabolic pathways in A . niger.
S U M M A R Y
Vegetative hyphae of Aspergillus niger rapidly converted caproic acid to 2-pentanone whereas germinating spores carried out the transformation slowly and ungerminated spores not at all. Glucose stimulated ketone production by germinating spores, but suppressed it in hyphae; the degree of stimulation and suppression varied with glucose concentration. This explains earlier reports that spores but not vegetative hyphae convert fatty acids to methyl ketones, since hyphae were earlier tested with high sugar concentrations, conditions where ketone formation was inhibited. Glucose disappeared from cultures containing caproate even though ketone production was inhibited, and glucose disappearance was paralleled by gluconic acid accumulation in the medium. These findings suggest that free fatty acids may play an important role in the regulation of metabolic pathways in A . niger.
I N T R O D U C T I O N
Some filamentous fungi produce methyl ketones from fatty acids (Starkle, 1924; Stokoe, 1928; Acklin, 1929) . The process, in which the methyl ketone formed is one carbon atom shorter than the fatty acid substrate, is specific, and fatty acids longer than 14 carbon atoms are not attacked (Thaler & Stahlin, 1949) . Gehrig & Knight (1958) reported that spores of Penicillium roqueforti, but not vegetative hyphae, were able to convert fatty acids into methyl ketones. Franke, Platzeck & Eichorn (I 962) reported that vegetative hyphae of Aspergillus niger could not form methyl ketones from fatty acids, whereas spores carried out the transformation very efficiently. The process is widespread among filamentous fungi as indicated by the work of Franke & Heinen (1958) , who found that 30 out of 38 fungi tested converted fatty acids into methyl ketones, and Gehrig & Knight (1961) who found that 9 out of the 11 Aspergillus species and 9 out of the 12 Penicillium species tested also carried out the transformation. Both these reports, however, indicated that members of the Mucorales were unable to produce significant amounts of methyl ketones from fatty acids. Lawrence (1966 Lawrence ( , 1967 reported that both oxygen uptake and methyl ketone production by spores of Penicillium roqueforti were greatly increased by certain sugars and amino acids. He interpreted this to mean that these compounds were readily oxidized to yield either energy or metabolic products essential for activation of dormant spores.
The present study establishes that vegetative hyphae of Aspergillus niger rapidly sterile 0.85 % NaCl to the slant and rubbing the surface with a stiff inoculating needle.
The spore suspension was adjusted to I x 109 spores/ml. and 5 ml. of this suspension were added to each experimental flask. For experiments with vegetative hyphae, spores were obtained as described above, the spore suspension adjusted to 5 x 107spores/ml. and 1.0 ml. of the suspension added to 50 ml. liquid medium in 250 ml. Erlenmeyer flasks. These flasks were incubated at 30" on a rotary shaker (New Brunswick Scientific Co., Psychrotherm) at 180 rev./min. After 24 h. the vegetative hyphae were harvested, washed three times by centrifugation and resuspended in sterile 0.85 % NaCl under aseptic conditions. The hyphal density was adjusted to 230 pl. packed mycelium/ml. .9 with 0.1 N-KOH, and I I O ml. of each formulation including unsupplemented solution, placed in 500 ml. Erlenmeyer flasks. These solutions and culture media were sterilized in an autoclave at 121" for 15 min. Both spores and vegetative hyphae were incubated on a reciprocating shaker (Eberbach) at 28 & 2" and IOO strokes/min. for 98 h. Four ml. samples were removed when required.
Analytical methods. 2-Pentanone and caproic acid were determined by gas-liquid chromatography in an Aerograph model A-600-D chromatograph equipped with a hydrogen flame ionization detector and a Leeds and Northrup Speedomax H recorder. The carrier gas was nitrogen flowing at 25 ml./min. The detector was operated at the same temperatures as the column, since it was mounted in the column oven.
2-Pentanone was resolved on a 5ft x Q in. stainless steel column containing as a stationary phase 20 % phenyl diethanolamine succinate on Chromosorb W (acidwashed and treated with dimethyl-dichlorosilane, DMCS). The column was operated at 100" and the injector block at 150". A sample of the culture fluid was introduced on to the column by flash vaporization, and amounts of 2-pentanone determined by comparing peak heights with those for pure 2-pentanone standards. Caproic acid was resolved on a 5 ft x + in. stainless steel column containing as a stationary phase 10 % The column was operated at 175" and the injector block at 225O. A sample of the culture fluid was introduced on to the column by flash vaporization, and amounts of caproic acid determined by comparing the product of the peak height and its width at half height with the values obtained for pure caproic acid standards.
After ketone and fatty acid analyses were complete, the remaining culture fluids were evaporated to dryness in a flash evaporator at goo, dissolved in distilled water and their sugar contents determined by the method of Folin & Malmros (1929) .
Oxygen uptake measurements were made with a constant volume respirometer (Braun Instrument Co.) using standard manometric techniques (Umbreit, Burris & Stauffer, 1964) . Three ml. samples from the ketones production media were added to Warburg vessels containing 0.1 ml. of 20 % KOH in the centre wells, oxygen uptake was measured over I h. at 3 0 ' . Dry weights were then determined for each sample.
Gluconic and citric acids in culture fluids were detected by paper chromatography (Koepsell, Stodola & Sharpe, I 952). Quantitative estimation of gluconic acid from paper chromatograms was done as described by Fisher, Parsons & Holmes (1949) .
RESULTS
Spore preparations of Aspergillus niger lacking glucose converted caproic acid to 2-pentanone at a low rate and did not yield detectable ketone until after 50 h. (Fig. I) . When glucose was added to the basal medium, 2-pentanone production was stimulated in proportion to the amount of sugar added (Fig. I) , and it commenced much earlier although none was produced before 12 h. The onset of ketone formation was correlated with the emergence of germ tubes. Ungerminated spores were bound very tightly to hyphae and to germ tubes, indicating that spores differed in surface charge from the other two forms.
Vegetative hyphae produced 2-pentanone from caproic acid at a rapid rate, yielding detectable ketone after 3 h. Addition of glucose to the basal medium, except in very small amounts, caused a suppression of ketone production in proportion to the amount of glucose added (Fig. 2) .
Spore preparations did not utilize detectable quantities of caproate until germination had occurred (Fig. 3) . Glucose greatly stimulated caproate disappearance, which paralleled 2-pentanone formation. On the other hand, vegetative hyphae utilized caproate immediately, the utilization was suppressed by the addition of glucose (Fig. 4) . This suppression paralleled the depression of 2-pentanone production.
Manometric measurements showed that large amounts of 0, were taken up by vegetative hyphae in the presence of caproate alone, and in the presence of caproate and 0.01 or 0-1 % glucose (Fig. 6) . At higher glucose concentrations (0.5, 1-0 %) 0, uptake was drastically reduced after 12 h. (Fig. 6) . In all instances the initial rate of O2 uptake was increased by glucose. Spore preparations did not begin 0, uptake until after 12 h. and the rate of 0, uptake was proportional to the amount of glucose added (Fig. 5) . The initial lag in 0, uptake coincided with the time required for germination of spores.
The pH values of spore cultures, with and without added glucose, increased steadily (Fig. 7) . At low glucose concentrations the pH values of vegetative hyphal cultures also increased, but decreased at higher glucose concentrations (Fig. 8) Both spore and vegetative hyphal cultures containing caproate utilized glucose, but the latter utilized considerably more than the former. With 1.0 % glucose, vegetative hyphae utilized 25 "/, of the sugar during the first 26 h. with the Qo, never exceeding 4. Hyphal cultures with caproate but with glucose absent or in low concentrations did not accumulate detectable quantities of gluconic acid. At higher glucose concentrations gluconic acid accumulated in the culture fluid. The quantity of gluconic acid present increased with time of incubation and increasing glucose concentration (Fig. 9) . Vegetative hyphal cultures with 1-0 % glucose but no caproate accumulated gluconic acid during the first 12 h. and utilized it during the next 24 h. (Fig. 9) . Spore cultures never accumulated detectable quantities of gluconic acid. (Fig. 5 , 6 ) and pH values (Fig. 7, 8 
D I S C U S S I O N
Several investigators (Gehrig & Knight, 1958; Franke et al. 1962; Lawrence, 1966 ) have maintained that only ungerminated spores of filamentous fungi can convert fatty acids to methyl ketones. My studies have shown (Fig. I ) that ungerminated conidia of Aspergillus niger convert caproic acid to 2-pentanone at an extremely low rate, if at all. Moreover, the course of ketone production by conidia was directly related to the course of germination and formation of young hyphae. This agrees with 208 H. L. LEWIS the report of Franke, Platzeck & Eichorn (1961) that the ,8-keto acid decarboxylase activity of A. niger was greatest in young mycelia. The production of 2-pentanone from caproic acid by vegetative hyphae of Aspergillus niger is contrary to the report of Franke et al. (1962) ~ which stated that vegetative hyphae of this organism were unable to form methyl ketones from fatty acids. However, good ketone production by spore preparations depends upon a supplementary growth substrate such as glucose, as found in the present study (Fig. I) and by other workers including Franke et al(1962) and Lawrence (1966) . Under these conditions, ketone production by vegetative hyphae is practically nil (Fig. 2) . It is therefore not surprising that reports of the inability of vegetative hyphae to form ketones from fatty acids have appeared, since the hyphae were usually tested under conditions for maximal ketone production by spore preparations.
The suppression of the conversion of caproate to a-pentanone in vegetative hyphae by glucose (Fig. 2) may be caused by the oxidation of glucose to gluconic acid with the consequent fall in pH, since this would result in an increased concentration of undissociated as compared with dissociated caproic acid, and as shown by Lewis & Johnson (I 967) , high concentrations of undissociated caproic acid can inhibit terminal respiratory enzymes, and thus fatty acid oxidation. Glucose oxidase did not, however, appear to be inhibited since glucose disappearance and gluconic acid production continued even though fatty acid oxidation and ketone formation had ceased.
Activation of fatty acid oxidation in Aspergillus niger spores by glucose (Fig. I) is consistent with the report of Lawrence (1965 found that gluconic acid production by Aspergillus niger was affected by the pH value of the culture medium. At pH values above 6-5, glucose was converted almost exclusively to gluconic acid, whereas citric acid was the predominant acid produced at pH values below 3.0. Butkewitsch (1924) pointed out that gluconic and citric acid formation proceeded sequentially in fungal cultures with initial pH values near neutrality. Gluconic acid was produced when the pH value was above 6.5, but as the pH value fell below 6.5 citric acid accumulated. In the present study this occurred in vegetative hyphal cultures with 1-0 % glucose and no caproate but not when 0.5 % caproate was present in addition to glucose. Gluconate production then continued after the pH value fell below 6.5 (Fig. 8, 9) .
Ehrlich & Lewis (1968) found that fatty acids (C3-CI3) did not inhibit glucose oxidase from Aspergillus niger although succinic dehydrogenase activity was completely inhibited and many of the fatty acids stimulated glucose oxidase activity, the effect being maximal at pH values below 6-5. Selective inhibition of enzymes involved in glucose dissimilation by free fatty acids under conditions where gluconeogenic enzymes were not affected had been reported for bacterial (Ferdinandus & Clark, 1969) and animal (Weber, Convery, Lea & Stamm, 1966) systems.
The present study shows that caproic acid can alter the mode of glucose catabolism in Aspergillus niger; and since the lipid fraction of A . niger may contain high concentrations of free fatty acids (Bernhauer & Posselt, 1937; Cochrane, 1999 , these compounds may be of importance for the control of metabolic pathways in this fungus. 
